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ABSTRACT 

Earlier studifes liavc showo that gcMlicaUy cogbMered herpes dmplex 
vfanises (e^s, HSV-1) are cfbctlva In UUlng maUgnant tumor cells both Ut 
vitro and In various murine tumor tnod^ This report focuses on a panel 
of five senetically engineered viral mutants of the y,34,5 gate, which was 
shown previous^ to cause reduction In viral replication and assoriatrd 
Dcurovirukncc of HSV. These faictude Rd61^ which lias both copies of 
yfU.S deleted, R4009, which has a stop codon inserted after codon 28 In 
both copies of the yi34J gene. R849, wliich contains a laeZ gene Inserted 
in place d the Y|14L5, which tacks 41 codoos In frame after codon 
72 of the 7^945, and 11939, which carries a stop codon precluding the 
translation of the COOH-lennlnal domain of the yt34,5 gene. We report 
the following: (a) all five mutant HSVs were avirulent In experimental 
animals but were cytotoxic for human tumor cdls In vitro and in vivo; {b) 
the yiiiS" HSV replicated in human gUoma cdls almost as efficiently as 
wlid>type HSV-KF) iiased <m replication assays, in situ hybridization for 
viral DMA, and expression of Infected cdl protein 27; (c) capacity . of 
mutant HSVs to Mil human cells derived fhmi glioblastoma multiforme 
(CH-235MG, IM7MG« D-54M6, D-65M6, U-251MG, U-373MG, and 
SK*MG*1), anaplastic astrocytoma (Hs-683), anaplastic glioma (U-87MG 
and U-138MGX ^Ilonrcoma (I>*32GS), or norma] human astrocytes dem- 
onstrated that glioma cdls varied In thdr snsceptlblilty to HSV*mediatad 
cytotoxldly and thai culliired astroqrt c s were two to three orders of 
magnltttde lesssuseeptntle to kOHng than were malignant gliag and M)rctf 
mice, whfcb received OS or 5 x 10^ ptaquo^brmhig anils of R4009, either 
were eolnoculated at the time <tf Intracranial transplantation with 10^ 
U251MG or IK54MG human glioma cells or received the cdls lntratn> 
morally 5 days after tnnor Induction and experienced idgnlfWant hn 
creascs In median survtvab, with no hbtopathologlcal Indication of an 
inCectlons cnccphalitic process. Genetically engineered yi34J' HSV mu- 
tants appear to lie a potentially safe blotherapeutic agent for experimental 
treatment of uniformly Cital malignant brain tamors* 



INTRODUCTION 

Primary malignant brain tumors affect only a small prq»ition of 
the population In the United Stales yet remain one of the most difficult 
therapeutic challoiges. The median survival of optimally treated pa- 
tients with GBM,' the most fieciuent of the malignant gliomas, re- 
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mains at less than 1 year, a statistic that has not changed in the last 30 
years despite impressive developments in neurosurgical, inteiventive 
neuro-oncologtcal, radioneurosurgical, and neuroimaging techniques. 
Remarkable advances in the genetics and biology of malignant tu- 
mors, and malignant gliomas in particular, have contributed greatly to 
our understanding of tumc^ development and progression and have 
given rise to novel therapeutic approaches. Gene therapy has been one 
area of focus, using vectors, often viruses, to insert immune-stimu- 
lating or drug-susceptibility genes (1). Another approach uses a ge- 
netically engineered HSV type I (HSV- 1), not as a vector to transfer 
genes, but as a direa tumor cell killer. The latter ^>proach is paitic- 
idarly appealing because the capacity of genedcally engineered HSVs 
to establish productive infecticHi only in dividing tumor cells can be 
exploited as a means of selectively killing brain tumor cells without 
injuring adjacent normal brain tissue. 

HSV-1 typically causes an initial mild to asymptomatic infection 
after transmission to cells of mucous membranes (reviewed in Ref. 2). 
HSV-1 genes are temporally expressed hi a cascade of a A and y 
genes. The y genes are further subdivided into y, and g^nes ^th 
Y; genes expressed earlier in infection. One of these genes, T|34.S, 
is present in two copies and encodes a 263-amino acid proteia The 
70-amino acid COOH-terminus is highly homologous to the manuna- 
lian growth arrest and DNA damage genes, GADD34 (3, 4). Viral 
infection normally triggers a host stress response tfiat shuts off protein 
synthesis and causes apoptosis, aborting viral replication (5). Analy- 
ses of the Y/34.S gene tyy mutagenesis have shown that it encodes two 
functions. One of these, which has been mapped in the 70-amino acid 
COOH terminus, blocks the shutoff of protein synthesis induced by 
the activated PKR kinase. Specifically, recent studies have shown that 
HSV-1 infecdon activates the PKR kinase. In die absence of a 
functional y/34.S gene, the a subunit of the translation initiatoi 
factor elF-a2 is phosphorylated, resulting in total shutoff of protein 
synthesis (6). Mutations in the y;343 gene also render the virus 
aneurovirulent, although this nuiy be due to an alternate function of 
this gene product Various mutants of HSV-1 have been constructed 
to alter y|34.5 gene expression. These genetically engineered viruses 
have been proven to be highly attenuated in experimental aruinal 
systems with almost complete loss of neurovirutence (7, 8). Mutations 
of the gene include: deletion of Iwth copies (R3616), insotion 
of a stop codon in the KHj terminus (codon 28) of both copies 
(R4009), substitution of y/34.S with LacZ, the bacterial 0-galactosid- 
ase gme (R849), a 41-codon deletion in the NH, terminus (R908). and 
insertions of stop codons in the C(X)H terminus (R939). With the 
exception of R849, constnicdon of these viruses has lieen described 
elsewhere (4, 7). These engineered HSV-1 viruses are not c^)able of 
rqslication when injected at up to 1 X 10^ FPUs into the brains of 
normal mice.^ However, these viruses can productively infect and kill 
actively dividing mouse or human glioma cells in culture (9, 10). 

Recendy, our laboratories (10) have diown R3616 and R4009 
HSV significantly prolonged survival of gdd mice bearing intrecranial 
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isografts of the spontaneous mouse glioma, MTS39MG. Given that 
HSV-1 viiuses can infect mouse glioma cells in vitro and produce a 
significant piolongation of survival of tumor-bearing mice, even when 
injected 4 days after tumor implantation, we hypothesized that these 
genetically engineered vinises should be able to idll human glioma 
cells implanted in this murine model and» therefore, may be useful as 
a biotherapcutic agent in treating malignant gliomas. 

Herein, we describe the ability of five different genetically engi- 
neered HSV-1 JiM^' mutants to infect, replicate in, and kill differ- 
ent human glioma cell lines in vitro. One of these, R4009, was shown 
to prolong host survival and produce cures of human glioma cells 
transplanted into the brains of scid mice. Our observations that norma] 
human astrocytes in culnue require a 2-3 log higher multiplicity of 
infection with diese genetically engineered HSV-1 to produce the 
same degree of in vitro cytotoxicity seen with malignant glia and that 
no evidence of encephalitis was detected in Inains of scid mice 
injected intracranially suggest that diese agents may eventually prove 
to be useful in therapy of intracranial neoplasms in humans. 

MATERIALS AND METHODS 

Cdl Lines. The following human cell lines were used: CBM-derived 
D-37MG. D-54Ma D-65MO. U-25tMa and U'37aMG and gliosarcoma- 
derived D-32GS (all from Dr. D. D. Signer, Duke Univevslty); oeuroglial- 
derived SK-MG-I (from O. Caimcioss. London, Ontario, Ctoada): GBM* 
derived CH-235MG; and anapfautic glioxna^ved Hs-683, U-87MG. and 
U-138MO (fitom American IVpe Culnue Collection, Rockville. MD). Cells 
weic maintained in DB4EM mixed 1:1 with Ham*8 nutrient nUxture F*I2 
(DMEM/F12), sapplemeDted with 2 mM L-gliitaniine and 7% FBS. Cells were 
harvested firom logarilfamie-phase growth culnires by brief exposure to 0S% 
trypsin and OSl nm EDTA (Ufe Technologies, Inc.). Veto cells (American 
Type Qdhnc Collection) were used to grow the parental vims, HSV- 1(F). or 
iccombmant vinises fai minimal essential medium supplemented with 10% 
heat-inactivated FBS and gentanucin (SO |ig/ml). 

Normal Astrocyte Culture. Normal human cerebra! conical tissue was 
obtained from patients undergoing surgical resection {if epileptic foci as the 
standard treatment for intractable epilepsy. In accordance with Institutional 
Review Board guidelines, all procured tissues were released by attending 
neuropathotogists as tissue in excess of that needed for diagnostic purposes. 
Brain tissue was transported in sterile tissue culture medium on Ice to the 
laboratory and processed immediately for cuUure as follows. Blood clots and 
debris were renMved aseptically, and die tissue was minced into 1-2-mm^ 
fragments and disaggregated by sequential 20-min exposures to trypsin (0.5%) 
and EDTA (033 mM) in Dulbecco^s PBS. Cells were pelleted through FBS 
(200 X g for 8 min). resuspended in DMEM/F12 + 20% FBS + IX Mito>X 
(Collaborative Research) and EGF (10 ng/ml: (Hieroicon International. Inc.« 
Temecola, CA), and colnired in ISC^^m' flasks. Cultures became confluent 
after 3-4 weeks and were harvested with trypsin-EDTA Cells to be assayed 
with genetically engineered HSV were plated as described for that assay. 
Simultaneously, a portion of each cell suspension was also plated at 10^ 
ceth/well in DMEM/F12 (-1- 7% FBS -i- Lrglutamine: 300 i^l/well) in eight- 
well culnue chandieis (Lab-Tek). After 24-48 h, these sUde culnires were 
fixed in fiesh 2% paraformaldehyde and stained by the avidin-blotin peioxi* 
dase medtod with a panel of monoclonal antibodkB to determine (he decree of 
cell type purity. Monoclonal amlbodles used were: 4A1 IM9 (antKSFAP). 
15E2E2 (anti-SlOO prntefau Ref. II), 20F3 (anti-gtioma-derived growth fac- 
Utf-2; Ref. I2X I2A12J>7 (anti-<ransfanning growth fector-^; Ref. 12). 
SC3P8 (anti-vascular endodielial growth fiKtor. Ref. 13), and smCt.2 (and* 
insulin4ike growth factor-I; Ref. 14). 

VIrascs. HSV*I (F) is the wild-type prototype virus finiro which all Y/34.5' 
mutant vinises were ooostnicted (7). R36I6 has 1000 bp deleted from the 
y/34.S gene between the BstEU site at the 28th codoo and Srul site (Fig. 1). 
R4009 contains an in-&ame translation termination at the AirEll site. In the 
recondnnant virus R849, the I Icilobase pair deleted from R36I6 was replaced 
with the lacZ gene inserted such that it was under the control of the Y/34 J 
promoter. The virus was consnucted by ootransfcctton of the intact DMA of 
virus R40Q2 withaplasmid in which the coding domain of the gm was 
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Fig. I. Schematic diagrBm of Yy34^ muuUons engineered Into the HS^-1(F) wild* 
type virus. Tap line^ unique long and unique shon tequcncet of die HSV- 1 genome 
flanked by the invened repeau enclosed in the boxes. Expanded domains of ihese repeat 
regions indicate portions of end aO genes. Una with 

sequences and the direction of iransciipiion. Restriction cndonucleases are: N. Neoli Be. 
AfiEU; S. Sadi Si. Sml; HC Wnfl: and A. AvolL 



tephKed 1^ the laeZ gene. R4002 contains the HSV- 1 tk gene inserted in die 
S'-terminus of the Y/34.S gene as described elsewhere (7). The progeny of 
transfection were {dated on 143TK' cells in the presence of bromoura- 
cildeoxyriboside. This procedure selects tk' viruses and because the tk gene is 
presem m both copies of the Y/34J gene, the selected progeny of the trans- 
fection could be expected to ctmtain deletions in both copies. Plaques giowing 
under bromouracildeoxyiiboside were screened for the presence of lacZ in 
both copies of the inverted repeats. Lastly, the tk gene was repaired to yield 
R849. Recombinant vinises R908 and R939 are described elsewhere (3). HSV 
R908 has a 41-codon deletion in frame after codon 72. R939 contains stop 
codoos at the CX)OH terminus in all six readhig frames inserted at codon 1 1 
after the last three amino acid repeats of the Y/343 gene. All mutations were 
presem in both copies of the y/MS gene. In some smdies. viruses in which the 
specific mutations had been repaired [R36I6(R). R939(R). and R908(R)] were 
used to demonstrate the restoration of wild type-like virulence and thus 
confirm diat any changes in phenotype of the mutant were, in fact, due to 
mutation engineered into the virus. 

Replication of yiMS Mutants. Replicate cultures of human glioma cell 
lines U251MG and DS4MG seeded to subconfluency were eidier mock in- 
fected or exposed for 1 h at 37'C to 0.1 or I PFU of mutant viruses or parental 
HSV* 1(F) per cell, then rinsed, overlaid with medium, and further incubated 
(37*0, 5% CO2). Cell monolayers were harvested at 12. 24, 48, and 72 h after 
infection and sonicated; lysates were titered for infectivity on Vero cells 
monolayer culnires. At 48 h after infection. Vero cells were fixed and stained 
with May-GrOnwald (Aldrich Chemical Company, Milwaukee, Wl) and Gi- 
emsa (Sigma Diagnostics, St Louis, MO) stains, and plaques were counted by 
light microscopy (IS). 

in SXru UNA HybiidiatfoD for Synthesis of Vlnd DNA In Hanaii 
GBoma Cells. U2S I MG and DS4MG cells grown in four-chamber glass slides 
weie infected with R3616, R4009, or HSV-l(F). Eighteen to 24 hr after 
infection, cells were fixed in acetone for 10 min and processed for In gftu DNA 
hybridization using ENZO Color Gene DNA hybridization test kit (ENZO 
CHagnostics. New Yoric NY). Briefiy. biotinylated HSV DNA probe was 
added to fixed cells and heated on a 92*C heating block for 2 mm. Slides were 
removed fnm die heating block, and the reaction was allowed to proceed 
further for anodier 20 nun at room temperature. Ihe celk were next treated 
with posthytiridization buffer for 10 min, washed, and then inculwted whh 
avidin-biotinylated horseradish peroxidase. Color development was achieved 
with 3-aromo-9-ethyIcarbazole mixed widi hydrogen peroxide ( 1 S min at room 
temperature). Cells were washed and counterstained widi mediyl green for 
30s. 

Imnumoblol Analyses of Viral Protdns. U2StMG and D54MG cells 
were infected with leconibinam yi34J mutants or HSV- 1(F) (positive con- 
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tro)). At Specified times after infection, ccU lysates were harvested sonicated, 
solubiliied in buffer containing SDS, and subjected to electrophoresis in 
denaturing polyacrylamide gels. Reagents for PAGE were purchased from 
Boehiinger Mannheim (Indianapolis, IN). Resolved proteins were subse* 
quently iransfcnrtd to nitrocellulose for inimunoblotting (16). Briefly, nitro* 
cellulose blots were reacted with mouse monoclonal antibody to infected celt 
protein 27 (ICP27). the product of the a27 gene (Advanced Biotechnology. 
Inc., Columbia. MD) at a 1:1000 dilution (overnight at 4''0, rinsed, and further 
incubated (30 min at room temperature) with nbbit antimouse IgG (Organoa 
Teknika. West Chester, PA). Bound secondary antibody was detected with 
''^Mabeled protein A (1 h at room temperature) and visualiied by atttoradiog- 
rephy. PftAein A from Staphylococcus aureus (Pharmacia Labontories, XJpp- 
sala. Sweden) was radioiodinaled using Na*^l (153 mCi/|ig of sodium Iodide; 
Amersham 0»p,, Arlington Heights, IL) according to the method of Green- 
wood «f at (17). 

For imnmno^odieroistiy, glioma cells were seeded into elght-chandwr 
slide trays (Nunc, Inc.. Naperville. IL). infected with the indicated HSV-I 
mutams, and 24-48 h later, fixed with 2% paraformaldehyde. Cells were 
penneabilized in methanol for 30 s. rehydrated. and incubated (overnight at 
4*C) with either monoclonal anti-ICP27 (Advanced Biotechnologies, Inc.) or 
polyclonal anti-HSV (Dako). Slides were washed and incubated with the 
relevant biotinylaled anti-globulins (Vector Laboratories. Burlingaxne, CA). 
Detection of secondary antibody was performed with the avidin-biotin method, 
with production of a colored substrate using 10 mg of 33'-diaminobenzidine 
(Sigma) In Tns-HCI (pH 7.3) with 0.006% HjO]. Nickel sulfate (0.8%) was 
added to some substrate solutions to produce a blue-black instead of a brown 
reaction product. Slides were counterstained with Mayer*s hematoxylin, de- 
hydrated in graded ethanols and then xylenes, ami mounted with Accu-mount 
media (Baxter Scientific Products, Inc.). 

In Viira Cytotoxicity Assays. Two cytotoxicity assays were used. In the first, 
odls were visually inspected for evidence of cytotoxicity, and in the second, 
cellular cytotoxicity was measured by the alaroaiBlue assay. Cells were plated at 
4-10 X 10* odlsAvdl in diqilicate 96-weU imcniplates in DMEM/F12 (+ 7% 
FBS + L-ghitandne: 90 iil/Wdl) and inciAated 24 h (37*C at S^bCO^)- Vims was 
then added in four replicate wells eadi at ratios of 0.1, 0J3. 1 A 10. 33. and 
too PFU/iseeded cell Saline was added to fourieplicate wells per cell line in place 
of virus as a control for estfanalion of maximal cell viability. alamarBlue dtye 
(Abmar Bioscienoer. 40 iilAwell) was added 3 days, after virus infection, and (he 
micvoplaies were ioctd)a]ed(3 hat 37^. The alamarBlue assay measures altered 
mitochondrial function, ah indicator of cell metabolism. Resulti are expressed as 
Au>2f>m ccOTtcted by subtraction of Ay^^ using an automated plate reader 
(EL3I0; BioTek, Inc.. Winooski, VT). All experiments whh mutant viruses were 
repeated a minimum of three times; the cytotoxicity of HSV- 1(F) was deteimined 
in duplicate experiments for comparison purposes for some of the cell lines. The 
peiuemage of reductions in dye conversion produced by virus when compared to 
maximal mitochondrial (unction (100%) were plotted as a function of the quantity 
of virus measured by PFU to which the cells were exposed, and the number of viral 
PFUs required to produce a 50% reduction was designated as the 50% toxic dose, 
hereafter defined as the PFU/TDso> To determine (he optimum numbo* of cells 
required to generate a sufficiently <fynamic range in which to measure cytolytic 
changes in virus-infected cultures, several differem cell types were plated under 
the saine conditions, with the number of cells per well varying from 4 to 20 X lO'/ 
well and cell viability was assessed at different time points with alamarBlue. As 
an exam^de, 8 X lO' oellsAvell proved to be optima] for detection of altered 
mitochondrial function of die neuroblastoma^rlved cell lines, whereas 4 X lO* 
oellsAveU were used for the faster-growing glioma cell lines. As rqwrted previ- 
ously ( 13). this assay demonstrated a direct, linear correlation between cell number 
arid dye conversion that was ceil line specific. 

Acydovtr Sensitivity. Sufaconfluem monolayers of U251MO and D54MO 
cells grown in muUhvell plates were exposed to one PHJ of R36I6, R4009. or 
HSV-l(p) per odl. After adsoiptioD (I h at yPCU cells were wad»d and treated 
with a laqge of conoentiatlons (03-10 |ig/hil) of a^tovir (Bmroughs-Welloome 
Company, Research Triangle Psifc, NC) purdiased from the Univeniiy of Ala- 
bama Hospital pharmacy. One set of cells seived as (he umieated control Super> 
natam fluids and ceD mooohym were harvested 24 h after infection, and plaque 
fotmation was quantified on Vero cells as described above. 

Intracraiilal Glioma Model The ability of R4009 to cause regression of 
human glioma cells xenotransplanted into the right oerebral hemisphere was 
tested in CB-17 scid mice, fai one assay, groups of 10 mice each received 10^ 



I>54MG human glioma cells concurrently with one of two different doses of 
virus to a total of 5 fil (Winn-type assay). Alteroatively. in delayed-therapy 
experiments, glioma cells were ir^ected in 5 |il and different virus doses were 
ii\iected (5 fil) intratumorally 5-7 days later. Corresponding control groups of 
10 mice each received excipient solution (serum-free DMEM/F12 + 5% 
methyl cellulose) in place of virus. All mice were anesthetized by Ip. admin- 
istration (ketamine (20 rag/ml) plus xylazine (OJ mg/ml) in saline at 0.07 
ml/10 g of body weight]. A midline scalp incision was made, and a 03-iiun 
burr hole was made 1.5-2.0 mm to the right of the midline and OJ-1.0 mm 
posterior to die coronal suture. TUmor cells (with or without virus) were 
resuspended in excipient solution and stereotacticaUy ii^ected using a 250-|jJ 
Hamiltoa syringe with a 30-gauge needle mounted in a Stoelting stereotaxic 
apparatus. The needle was inserted veiticaUy through the buir hole to a depth 
of 2.S mm. Forty-five to 608 alker bjection, the needle was slowly wiibdnwo. 
and Use Incision was closed with 9-roro Midiel wound clips. Mice were 
returned to sterile microisolator polycarbonate cages, placed over a heating pad 
until recovery, and provided autoclaved lab chow and sterile water ad Ubisum. 
As mice benme moribund from progressive tumor growth, they were cutha- 
(died, and (heir survival time was ndcen as the date of euthanasia. Detemd- 
nation of diis end point was based on the absence of the characteristic 
avoidance behavior when touched. Animal studies were conducted in accord- 
ance with guidelines for animal use and care esuiblished by The University of 
Alabama at Birmingham Animal Resource tagram and (he Institutional 
Animal Use Review Board. 

Histochemlcal/Cytocfaeffilcal Studies. For demonstration of viral replica- 
tion in gliomas in vivo, mice were inoculated with D-54MQ cells intracranially 
and 5 days later received 5 X 10^ PFUs of R849. Three to 5 days later, mice 
were anesthetized, perfused intracardially with PBS followed by 4% paraform- 
aldehdye in 12% sucrose. Brains were fixed an additional 24 h at 4''C and then 
sectioned coronalty free-hand through die injection site. Brun slices were 
incubated overnight in X-gal solution (0.2% X-gal, 10 mw sodium phosphate 
(pH 7.0). 150 mM NaCl. 3 J mM K4Fe(CN)6*3H20, and 33 mM K,Fe(CNXJ 
according to iiuuiufacturer*s directions (Promega Corp., Madison, WI). Stained 
slices were embedded in OCT (Miles, Inc., Naperville. IL), frozen, and 
sectioned at 8-10 ^ on a cryotome (Zeiss HM55(E); sections were mounted 
on TEPSA-coated slides (Aldrich Chemical Company, Milwaukee, Wl). Sec- 
tions were counterstained with Nuclear Fast Red (American Histology Reagent 
Company. Lodi. CA). 

Moribund mice were killed, and dieir brains were immecfiately harvested for 
hlstopatiiological examination of the presence and extent of eograAed tumor. 
Tumor sections were stained with mouse monoclonal antibody to a HSV 
glycoprotein ICP27 (Advanced Biotechnologies. Inc., Columbia, MD). Por- 
tions of tumor and normal brain tissues were frozen for subsequent plaque 
assays to determine whedier infectious virus particles could be recovered from 
.these tissues. 

Replication of R4009 and HSV«1(F) In an Intracnmlal Moose GUoina 
Model Replication of R4009 and HSV-I(F) was demonstrated in mice bear- 
ing U251MG gliomas by intratumoral injection of eiUier 5 X 10^ mJs of 
R4009 or 10^ PFUs of HSV-I(F) 5 days after tumor induction. One to three 
mice from each group were sacrificed at 3, 7, or 1 1 (R4009 only) days after 
infection* and brain tissues were harvested, homogenized, and assayed on Vero 
cells to determine Uie quantity of tiie infectious virus as described above. Mice 
receiving wild-type vtros did not live beyond 6 days, and their brains were 
studied at that time. 

Statistical Methods. In vivo survival data were converted to Kaplan-Meier 
plots, and the significance of the differences in median survival times for the 
various groups were calculated using log-rank statistical analysis routines 
(SURVCALC: Wiley-Addison Co., Sussex, England). Survival of all mice was 
followed up to 60 days. Mice surviving to this end point were killed, and their 
brains were fixed for histopatfaolagical examination for evidence of tumor 
presence and of virus effects. 



RESULTS 

Growth Characteristics of y,34.5 Genetically Engfaieered HSV. 

Critical to die selection of potential viral candidates for brain tumor 
ther^y is tfieir ability to replicate in human glioma cells. To deter- 
mine whether y|34.5' mutants were able to replicate m and kill 
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Fig. 2. Growih kloetki of HSV-i(F) iody/SAJS rccombinanU in I>>54MG and 
U-251MG human ^tofna celts exposed to ! PFU/cell dcmoDstrating tnctcasinj viral 
npficaiioti of the five 7|34 J-<tefecttve HSV-I mutanu that was slightly less ihan that of 
vdld^iype Hi5V*l(F). Qnplu ihown are icpreseittitlve of lesolu obtained from lepeued 
assays. 



human glioma ceils, 1125 IMG or.D54MG cells were mock infected or 
ex|>osed to 0.1 or 1 PFU of bneof fheitcombindnt vinises per cell. At 
specific intervals af^r infection, cell monolayers were harvested, and 
virus was titered using Vero cells. These studies were performed at 
least three times at both virus doses. Representative results with 1.0 
PFU/cell indicate that all 'y>34.5~ recombinants were able to rqilicate 
in both human glioma cell lines with ICP-lO'-fold increases during .the- 
time period (24-72 h) in which these glioma cells normally expeii- 
ence exponential growth (Fig. 2). Titers of die recombinants and the 
parental virus HSV-l(F) peaked at 24 to 48 h after infection in both 
human glioma cell lines. However, in all cases, the titers of the mutant 
viruses lagged slightly below the wild-type HSV-I(F). R908 repli- 
cated to an average titer of lO' PFUs/ml which was closest to that 
otoined with the parental vinis, HSV-I(F), 10^ PFUs/ml. Rejdicatipn 
of the remmiung mutants was less competent hi both glioma cett lines: 
R3616 was the least efficient. 

Expression of Vlros-spedfic Protdns in Hiiman Glioma Celts, 
To determine whether the Y/34.5~ mutants were capable of express- 
ing viral gene products in human glioma cells, electrophoretically 
resolved lysates of infected cells were transfened to nitrocellulose 
sheets and probed with antibody t6 ICP27. Results (Fig. 3) demon- 
strated that comparable amounts of ICP27 were expressed in D54MO 
cells mfected either with R3616. R4009, R908, R939, or R849 at 5 or 
12 h after infection when compared to that seen in glioma cells 
infected with wild-type or restored viruses (R3616(RX R908(R)» and 
R939{R)1. 

Syothesls of Viral DNA In Human Glioma Cells, HSV o genes 
are expressed prior to syndiesis of any viral DNA. The results de- 
scribed above do not Imticate whether the Wrai replication machinery 
in human glioma cells infected with the Y|34.5^ recombinants was 
activated efficiently when compared to the parental virus. An in siiu 
hybridization assay for HSV DNA was performed with a biodnylated 
genomic DNA probe. R36I6 and R40q!9 were chosen as representa- 
tive viruses to infect ciither D54MG or U-2SIMG cells. At 12-14 h 
after Infectkm, R36I6 or R4009 were able to repficate viral DNA 
similar to that seen with wild-type (F) (data nca shown). Hybridization 
whh the HSV probe was not observed In the mock-infected cell 
cultures (data not shown). These data are consistent with previous 
reports that viral DNA synthesis is present in Vero cells infected with 
Y#34J mutants (3-6). 



Viral CytiDtdxidty <tf G&oina Cell Lines, Hie capacity of y#34 J 
mutants to produce a direct cytotoxic effect on malignant cells was 
also considered to be a desirable property for braui tumor therapy. 
Both human glionia cell Unes hiitlally tested proved to be susceptible 
to the cytopathic effect of the recombinant viruses. Cells became 
round, lost normal morphological features, and detached froni the 
culture plate. As a quantitative nneasure of viral cytotoxicity, we used 
the alamaiBliie assay. The number of PFUs of R4009 per target cell 
needed to produce a 50% decrease in dye conversion (TD50) was 
generally consistent from assay to assay (die coefficient of variation 
ranged from 6.01 to 0.13) wltii eadi of the cell lines, permitting 
averaging of calculated PFU/TD^q values. All I I human glioma cell 
lines were sensitive to the cytotoxic effects of R4009, with PFU/IDjo 
values diat ranged from 1 .4 to 1 3.6 at 3 days after addition of die virus 
(Table 1). When the abilities of the other four genetically engineered 
HSVs to kill D-54MG and U-2S1MG cells in culture were compared 
(Table 2), PFU/TDjo values ranged from 1.4 to 14,3. U-2SIMG was 
sli^tiy more sensitive to all vinises titan D»54M0. Cytotoxicity of 
HSV-I(F) for those cell lines against which it was tested was com- 
parable to tiiat seen witii tite replication-competent mutants. 

Viral Cytotoxicity of Normal Astrocytes. The astrocyte cuhures 
used in these studies were 97-99% glial fibrillary acidic protein-f , 
SIOO-I^, and transforming growtii factor p+ but were negative for the 
otiier tested markers. The. ability to kill mrnnal hiiman astrocytes in 
vitro v/BS detemuned for HSV.|(F), R3616, R849. R4009, and R8306 
(Table 3). As might be expected, the wild-type virus was as cytotoxic 
for astrocytes as it was for mmor cells. In contrast, R3616 was by far 
die least toxic to human astrocytes, with no discernible ability to kill 
astrocytes in culnire (estimated PFU/TD50. >1000). HSV R4009 was 
also nunimally toxic (average PFlifTD^ > IOO6) but did show some 
cell killing at later tirnes. R849 was die mcBt virulent virus for normal 
astrocytes, but it still required virus doses at least 2 logs above that 
needed to kill glioma cells (TD^o* >S20 PFUs) effectively at 3 days. 
Because astrocytes proliferate slowly compared wttii glioma cells, we 
also examiiied metabotically active cellis 6 days after vital infiection. 
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Rg. 3. Western btottdemoiutraiingci^pnKSlOAOf tCP27 In D54MO cells Infected wbb 
HSV. UF) as «'etl as five of the Y|34.5' HSV-t mtitanU and fhive of the repaired vinnea. 
lalheu^ ptmeU SDS^AGE resolved lysates from D54MG c^ Infecced for 3 or 12 b 
with R36I6. R4009, ispaiied R36I6. or HSV-llF) were probed with ami-tCP27. In the 
bottom paiut, iysata from D54MO cells infected for 5 or 1 2 to wiUt R908. repaired Sm 
R939. icpaiied R939. R849. or HSV- t(p) show abundant ICP27 by Western Mot analysis. 
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Table I ViruUnet efSUM er HSV-KFj in variais human glioma ettt tines 







R4009 


HSV*1(F) 
PFU/TDso" 


Cell Use 




PFU/TDjo' 


dfiiDRfiilfln 


Tuioor of ori^o 


(mean ± SD) 


(mean) 


CH.235Ma 


QBM 


. 7.4 £1.1 


ND 


D-37MQ 


GBM 


12.6 Z. 2.7 


ND 


D-S4MQ 


GBM 


4.3 ± X2 


13.7 


D^MQ 


GBM 


1.9 ± U 


U 


U-25IMG 


GBM 


3.4 1 1.2 


33. 


U073MG 


GBM 


1.4 ^0.9 


1.4 




Anaplastic sstrocyumiA 


2.2 ±0,7 


ND 


U.87MG 


Anaplastic astrocytoina 


4.4 2 0.4 


0.9 


U-I38MG 


Anaphtrtc asiroeyionia 




ND 


SK-M&I 


Anaplasiic utrocytonM 


IJ20.7 


12 


D>32GS 


Gtiosirconift 


3J0SI.0 


ND 



' Vilaes for R4009 were obtained 3 dayi after vinis infeciioo and are neans and SD 
of al least llueesepanteexperinientt. Values iromH5V-l(F) are neam of cwo experi- 
ments. ND, not all ecu tines were cxandoed for sensitivity to the wifaMype vims. 



Tabte 2 Compamtlve vintlaieg of witd'type and genettealfy engineered HSV In 
D54MG and U'251MG human gitona eeOs 



HSV D-S4M0 U-2S1M0 
Vina PFU/TDjo" PFU/TD» 



R849 4.0 ± 1.9 2.43 2 0.7 
R908 3.13 ±0.6 1.36 saS 
R939 S.67 ± 0.9 5.14 ± ZS 
R3616 14.3 ±2.0 6.76 ±1.8 
H5V-1(F) I3J* 33 



" Values were obtained 3 days after virus infections end are expreued as means and 
SD of ai least three leparate experiments. 

^ Values for wild-type HSV-I(P> are averaiges of two experiments. 

Significantly lower PFU/TD50 values were obtained for all except 
R3616, which continued to demonstrate poor cytotoxic activity for 
astrocytes. 

Acyclovir Sendtivlly of rf34.5 ReoomUnant HSV-I. One ad- 
vantage of using 7j34.S-defective HSV constructs is that they retain 
the tk gene, which makes them susceptible to such antiviral (Irugs as 
GCV and ACV. The susceptibility of recombinant viruses to these 
drugs provides a measure of safety by limiting viral persistence. We 
sought to demonstrate the extent to which these HSV constructs were 
sensitive to antiviral drugs using a plaque reduction assay. U251MG 
or D54MG cells were seeded, infected at 1 PFU/cell, and treated with 
03, 0.7, or 1.0 ^g of ACV/ml. At 24 h after infecdon, virus was 
harvested, and ACV sensitivity of R3616 and R4009 was compared 
with that of parental strain (F) by plaque assay. Our results indicated 
that R3616 and R40D9 exhibited an EC50 of 0.5 fig/mi (Fig. 4), which 
was consistent with the susceptibility of HSV- 1(F) virus to ACV. 
Such sensitivity provides a measure of safety in the unanticipated 
instance of viral encei^tls. 

Danonstratlon of HSV Infection in Intracranial Gliomas. As an 
initial step in determining whether y;34.S<lefective HSV actually 
infect human glioma cells growing in mouse tmiin, we inoculated scid 
mice with 10^ D54MG glioma cells and, 5-7 days later, stereotacti- 
cally injected R849 (5 ftl) into the same injection site. Three days 
later, the animals were killed, and the distribution of infectious virus 
was ascertained by staining fixed brains in X-gal for evidence of 
^-galactosidase (hcZ} expression. Distiibudon of blue-staining tissue 
consistent with viral infection could be easily visualized grossly in 
free-hand coronal sections parallel through the needle track (Fig. 5, 
top panel)' Microscopic examination of coronal sections of these 
brains revealed large, blue-stained tumor cells within the mmor bed, 
which tracked across die corpus callosum from the right to left 
hemisphere (Fig. 5, middU and bottom panels). 

Next, we detennined whether R4009 replicated in U2S IMG glioma 
cells implanted in the tcid mouse brains. Gliomft4)eafing mice were 
injected intratumorally 5 days after tumor induction; HSV-l(f) was 



used as die positive control At indicated intervals, brains were har- 
vested, and virus titers were detennined individually (Table 4). Virus 
was detected 3 days after inoculation, with peak virus recovery 
occurring approximately 7 days for mice receiving 10^ or 10^ PFUs of 
R4009. The quantity of virus recovered from brain tumors injected 
witii die lower dose of HSV-l(F) virus was much higher than witii 
R4009. Furthermore, none of die animals injected wiUi HSV-1(F) 
virus survived beyond 6 days, even with the low viral dose. This 
further suggests tiiat R4009 may be safe enough to be evaluated 
further as a potential candidate for brain tumor therapy. 

In VtoEffecCs of HSV-lMiitant Viruses on IntTBcranialGU- 
oma Xenografts* Untreated Kid mice injected intracraidaUy with 10^ 
U251MG glioma cells became moribund in a predictable and uniftmn 
fashion widi median survivals ranging from 32 to 35 days after tumor 
induction (average, 33.8 days). Mice receiving D54MG glioma cells 
intracranially became moribund at a significantiy more ra|ud rote 
(median survival, 19 to 22 days; average, 20.4 days). 

Using die Winn-type assay, R4009 used at 1 or 10 x 10^ mJs/ 
dose produced a sig^cant (P < 0.01) increase in median survival, 
widi 20 and 30% of die U251MG'bearing mice surviving to 75 days 
(Fig. 64), at which point diese long-term survivors were euOianized, 
and dieir brains were analyzed for tumor and infectious vims. Routine 
H&E histological examination of brains of moribund mice revealed 
large, space-occupying tumors. Survivors killed at 75-80 days had no 
discernible tumors, aldiough areas of gliosis and calcification were 
occasionally seen. Surprisingly, portions of diese brains fipom three of 
five long-term survivors that were processed for residual HSV con- 
tained 10^- to' PFUs/mg of tissue. 

In the delayed dierapy experiments, mice diat had U251MO glio- 



Tablc 3 HSV virulence in normal human cultured astrocytes 



HSV 


Assay 


NBM74835 


NBaiSOSOM 


NBO- 


NBO- 


isolate 


dqr 




PFU/n>so 


1299470 


1433672 


R849 


3 


473.0 


>I0» 








6 


26.1 


14.2 






R3616 


3 


None 


>l6» 








6 


None 


>I0* 






R4009 


3 


>10' 


>I0' 








6 


44.6 


105.2 






HSV.l(F) 


3 






15.7 


4.9 




6 






0.9 


0.3 



" Velaes are avenges of at Inst three sepante experiments with mutast vinucs and 
duplicate experiments with IISV-I(F). 



: DS4MG USSIIMO 




Fig. 4. Effect of graded doses of ACV on replication of HSV.1(F). R3616. and R4009 
in D'54MG or U251MC tmman glioma cells. Imncellular vints was <|uantirted by plaque 
assay on Vcro bdicaior cells. Titen dbxalned for vinu rocovcrod from cultures maintained 
in UK absence of ACV were designated as Che maximtiro (100% of omitated ooetrols) for 
each ceU line. Viial titen in acyclovir««eated cultures were then express^ 
of the maximum for each. Ban, SD. 
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1^ S. it coiQAal iecliofa <if Jdtf nkMitt 
tojecttd with 10^ PFUs of R849 nd sttioed 3 laieir wiih X-gd. Stnng bhie itaiii is 
grossly evident io IsteraJ areu oca^ied by P54MO tomor celli. B» lissix sections sUintd 
with X-gai woe oounteniabed ivifh Nuclear F«st Red; the area adjacent to the needle 
toA (up) levealed many large tumor cells (dmmv) containing « Idue. giandar staining 
paHera; bar» 100 ^im. C sectido of oocpas cbRosoid (cr) in which toge tnmor cetls» 
sttdaed bh» id « gnnolar. eytoptasmie pattern, can be seen {arnrm) moving awsy from 



sectioned coronally at the injection site, but there were no microscop* 
ically di&cmible changes in the H&E-statned cavida] poitibns to 
suggest ytral^inediated histopathology (data not shown). 

In the Wlnn-type assay with iflioe bearing the moie lapidty lethal 
DS4MG gliomas, R40p9 produced a significant prolongation in sur* 
vivai at both doses of virus injected. 05 and 5.0 X PFUs (Fig; 
lAy All of the mice implanted with 10^ D54MG glioma cells coroixed 
with 0 J X 10^ PFU R4d09 wefe long-term survivors, whereas control 
mice that received 10^ D54MG glioma cells mixed with an equivalent 
vdume of sidine all died, with a median survival of 183 days. Forty 
% of the mke that received D54MG cells nuxed with S.0 X \^ PFUs 
R4009 pri<n' to inoculation were tong-tenn survivors; none of these 
animals died until after the last tmtreated control mouse had died. 
Inspection of the brain tissues of mice that died revealed that tumor 
was uniformly the cause of death in the S X 10^ PFUs group and that 
there was gliosis but no evidence of tumor in the brains of surviving 
mice of both groups that were killed- Because the P54MG glioma 
ceUs tended'to lull the tiMce at a inuch more rapid pace than y251MG 
glioma cells, we increased the doses of R4009 vims administered 5 
days after induction of iD54MG gliomas. Although these mice stirr 
vived significantly longer {P < 0.01 S) than the mock-^ated (saline) 
mice, the 2-fpld bJgher dose did not improve the number of long-term 
survivors (only 10%) in either group with HSV*treated tumors. The 
increase in survival for both treated grotips was highly significant 
(Fig. IB) compared mth saline controls. 

DISCUSSION 

Snidies on the susceptibility of human glioma cells to genetically 
eh^neered 7/34.5'* mutants suggested that: {a) humaii tumor cells are 
effectively killed within a 3-day period by in vitro exposure to doses 
of <15 PFUs/cen;.(d) one matam, R4()69, was effective in vivo in 
prolonging median stirvlvals of scid mice bearing intracranial human 
gliomas, in some instances curing these mice. However, it was also 
more virulent than other mutants, possibly because of low level of 
expression of stop codon inserted in frame into the Y/34.S gene; and 
(c) most yy34.5~ HSV could be injected tntracerebrally in scid mice 
at relatively high doses (10^ PFUs) without inducing a fatal enceph- 
alitis. 

There have been two major ^roaches to tising viruses to treat 
brain turnors. The first is to use a replication-incompetent viral vector, 
such as retroviruses or adenoviruses, to shuttle antitumor genes, such 
as the HSV-1 tk (HSV-ii^) gene, into the tumor cells. Thie oncolytic 
effect is not produced by the virus but by administrating a relatively 
nontoxic prodrug, wluch Is converted into a toxic metabolite, pdson- 

Table 4 HgtOiaitton qf iW0Q9 and HSV4(F) in uOrvcnavd ^tmat in t€id mSet 



mas induced 5 days eariier were treated by intratumoral injection of I 
or 10 X 10^ PFUs of R4009 (Fig. 6B). HSV-treated niice also 
experienced significant survival, with median survival times of 48 and 
49 days, respectively, compared witii control animals (33 days). 
Agahi, we observed 25% of these tumor-bearers to be long-term 
siirvivorB, and witii the exoqrtiott of one animal, these snrvivors 
q>peared heahl^. Surviving mice were killed at day 80 to harvest dieir 
brains for histolo^cal and virological studies. Low levels of R4009 
HSV (<10' FFU/g) were detected in the rostral half of ftt brains 
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' No HSV-tCF) survivon after day 6. 
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ing the infected ceil and, to some extent, adjacent cells by a "bystand* 
er effect.** Death of the infected cell limits and tenninates the thera- 
peutic process. In addition to the inherent inability of replication- 
incompetent viruses to spread beyond the initial ceils infected, some 
of the disadvantages of these systems are the variability in transduc- 
tion rates, the need for implantation of producer ceUs, and the possi* 
bility of insertional mutagenesis causing secondary tumors (e^.. ret- 
roviruses). Tht second major approach is to use an engineered HSV 
with attenuated neurovinilence but which remains cytotoxic to tumor 
cells. In some instances, investigators have attempted to achieve this 
by creating HSV mutants deficient in one of the genes coding for 
enzymes needed for nucleic acid mietabolism and replication in non- 
dividing cells, Le., ik {tk') or fibonucleodde reductase {rr'). Without 
these genes, the virus is unable to replicate unless the cell that it 
infects supplies the deficient enzymes, which are present normally 
only in dividing cells. Tlius, viral replication is able to proceed in 
dividing ceils and causes cell death. Unlike the above method of usi^g 
a vector carrying tlie HSV-ift gene, this method allows the virus to 
spread to otto proliferating tumor cells (18). 

In addition to being replication-competent, these HSV mutants have 
the added advantage of not integrating into the host genome, elimi- 
nating the possibility of inseitiomd mutagenesis. However, viral en- 
cephalitis is a potential major side effect of the use of HSV tk" (9). 
The virus is resistant to pyriroldine-analogue antiviral drugs (e.g., 
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Fn. 6. Kfiplan*Meier survival plod were constructed for sdd mice Injected with 5 |aI 
of lOT 11-23 IMG human glioma celb intracraniiny. A. glioma cells were admixed prior 
to injection with I x 10^ or 10 x 10^ PFUs of HSV R4O09. Long-tetrn sorvivon were 
killed as iitdicated. B. glioma cells were admimstered intracianially. and 5 days later, mice 
were randomized Imo groups of 10 and either I x 10^ 10 x 10^ PRJs of HSV R4009 
were injected {niratumonny in S |U. 
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ttially with 10^ D54MO human glioma celb in 9 |iL it. glioma cells were admixed with 
OJx lO^orSx 10^ PFUs of HSV R4009 and then inoculated. Long-term survi von were 
killed as Indicated. A glioma cells wcie inoculated intncramaQy: % days later, mice were 
nutdomized into groups of 10 and either I K 10^ or 10 X 10^ PFUs of HSV 114009 weie 
injected faitiatuniotany in 5 



ACV) but retains sensitivity to vidarabine and foscamet (19). The rr* 
mutant retains the tk gene and is actually hypersensitive to OCV, 
which may help oveicome this problem (20). 

The 7,34.5" HSV mutants have not caused enc^halitis in any 
treated animals with experimental brain tumors or in naive normal or 
scld mice at doses up to 10^ PFUs. R4009 has an LD^ >10^ PFUs, 
and the LDjo of R3616 b > 1.2 X IC^ in immunocomp^t BALB/c 
mice (21). In addition, these HSV mutants retain susceptibility to 
ACV (9). When U-87MG human glioma cells were xenogn^ 
intracranially in nude mice, median survival was extended finom 42 
days in control animals to 71 days in animals treated 10 days later 
with 10^ PFU R3616. with -*18% becoming longrteim survivors 
(>120 days; Ref. 9). In our earlier studies of sM mice with semi- 
syngeneic intracerd>ral grafts of MT539MG mouse glioma cells, 
median survival was increased 1^ 10 days over controls with 10^ 
PFUs of R3616 or by 8 days with R4009 administered simultaneously 
and was increased by 9 days if R4009 was Injected 72^ h after the 
tumor cells ( 1 0). It was also found that R4009 was more efficient than 
R3616 in killing MTS39MG cells in in vitro alamarBlue assays.^ 
However, none of the mice bearing nmrine MT539MG gliomas were 
long-term survivors. 
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Our present study showed that five different y/34.5" HSVs were 
capable of killing a variety of human malignant glial cell types in 
culture; all of the tumor cell lines experienced a 50% reduction in 
dye conversion (TDso) and, presumably, in cell viability. Further- 
more, HSV cytotoxicity occurred following exposure to much 
tower quantities of genetically engineered HSV than observed for 
culnired normal human astrocytes. From these data, it would 
appear that some of the genetically engineered HSV viruses could 
be given in doses that would be effective against tumor cells 
without harming astrocytes, the other major cell type in the brain 
capable of being stimulated to divide. This margin of safety would 
be largest with R3616, which had no measurable toxicity to either 
culture of normal human astrocytes. However, R3616 was also the 
least potent virus against tumor cells, which may result in inade- 
quate treatment in human populations. Our data also suggest, when 
comparing astrocyte susceptibility at 3 and 6 days, that the cyto- 
toxic effects of HSV mutants toward astrocytes became more 
pronounced with time due, presumably, to a slower rate of spread 
of replicating virus. This may be related to the slower rate of 
astrocyte proliferation in vitro as compared to the rapid prolifera- 
tion of malignant cells. The persistence of low levels of ^^34.5' 
HSV in brains of mice curol of intracranial glioma xenografts 
would suggest that replicating (gliotic) astrocytes may provide a 
reservoir for viral replication in an otherwise mitoticaily quiescent 
tissue. Persistent HSV infection in normal brain is clearly of 
concern. However, because y;34.5~ viruses retain the tk gene, they 
remain susceptible to GCV. Theoretically, GCV could be admin- 
istered to end treatment after a significant oncolytic effect had been 
achieved but before significant toxicity to normal brain paren- 
chyma occurs. We have demonstrated that systemic administration 
of GCV coincidentally with inuatumoral R4009 therapy for in- 
tracranial gliomas in scid mice abrogated the protective effect of 
y;34.5" HSV therapy (10). Qearly, 7,34.5" mutants offer clear 
advantages over other viral-based therapies and should be pursued 
as a potentially effective adjunctive treatment for lethal human 
brain tumors. 
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